A combined experimental and theoretical study of the reactivity of small boron cluster cations with HF is reported on in this article. Cross sections for the reaction of mass-selected boron ͑B n ϩ , n ϭ2 -14͒ and boron monohydride ͑B n H ϩ , nϭ4, 7, and 10͒ cluster ions with HF are reported for collision energies from 0.1 to 10 eV. The reaction proceeds via a chemically bound intermediate complex, and the major product channels involve elimination of BF or H from the B n HF ϩ intermediate. Both reactivity and product branching depend strongly on cluster size. Reactivity at low energies generally decreases with increasing size, with the appearance of significant bottlenecks to reaction. The effect of adding a hydrogen atom to the reactant clusters was examined for several cluster sizes. In contrast to the boron oxides, hydrogenation of elemental boron cluster ions has little effect on reactivity with HF, suggesting that H does not compete effectively for HF binding sites. The results provide a sensitive test for the accuracy of ab initio calculations on B n ϩ and B n H ϩ and B n F ϩ , and the calculations provide insight into the reaction mechanism and effects of cluster structure on reactivity.
I. INTRODUCTION
A major problem in cluster chemistry is a lack of information concerning such reactant properties as geometric and electronic structure, bond strengths, and affinities for various ad-atoms. In most cases these data are available only from ab initio calculations, making clusters of light elements attractive as benchmarks for combined experimental and theoretical work. Boron is an interesting cluster system for several reasons discussed below, and we have undertaken a systematic study of the chemical and physical properties of boron cluster ions. To date, we have investigated cluster fragmentation energetics, 1,2 various oxidation reactions, [3] [4] [5] [6] and reaction with D 2 . 7 For oxidation reactions, geometric structure appears to play the dominant role in determining reactivity, while for the B n ϩ -D bond-forming reactions observed with D 2 electronic structure appears to be more important. In the HF chemistry reported here, both B-F and B-H bonding occurs, raising the possibility that electronic and geometric influences might compete to control the reactions. Boron is an electron deficient semi-metal with short covalent radius. Three center, two electron bonding with sp 2 hybridization is a common motif, leading to polyhedral molecules and unusual crystal lattices consisting of stacked and nested icosahedra. [8] [9] [10] [11] These bonding properties, which give boron high strength and stiffness-to-weight ratios make boron composites an important class of structural materials. The unusual bonding also makes boron a more difficult target for ab initio calculations than might be expected from the small electron number.
A major motivation for research into boron chemistry is its use in fuels. Boron's high ⌬H combustion low mass, and reasonable density make it a high energy density material by both volumetric and gravimetric standards. In this context both elemental boron and boron/hydrogen composites are being investigated intensively. HF-boron interactions may be important in several aspects of the boron combustion problem when fluorocarbon binders or oxidizers are used. HFboron surface chemistry may modify the ignition/combustion processes. We have found, for example, that HF reacts efficiently with boron oxides species with stoichiometries spanning the range of compositions that might be expected to form in typical boron combustion environments. 12 In addition, the strength of B-F bonds suggests that fluorine will compete with oxygen and OH in formation of combustion products, and thus affect the energy yield from combustion.
Although boron is, in principle at least, a simple system, it turns out to be surprisingly difficult to handle theoretically. The first comprehensive study of boron clusters was reported by Whiteside, 13 who determined ground electronic states, geometries, and atomization energies for B 2-4 and B 6 at the 6-31G*/SCF-MP4 level. Using these calculations as a starting point, Hanley and co-workers 2 performed self-consistent field configuration ͑SCF-CI͒ calculations on both neutral and ionic B 1-6 ϩ , along with experimental determination of dissociation thresholds and fragmentation patterns for B [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ϩ . The geometry optimizations in these calculations were incomplete and only symmetric geometries were investigated for B 5 ϩ and B 6 ϩ . The results showed strongly bound species with cagelike structures reminiscent of boron hydride compounds. The calculated fragmentation energies were considerably lower than the experimentally observed dissociation thresholds.
Several other groups have applied SCF-based methods to small boron clusters. Bruna and Wright [14] [15] [16] reported CI calculations for neutral, singly, and doubly ionized B 2 . Martin and co-workers used coupled-cluster methods to examine the potential surface of B 4 and calculated the total atomization energies for B 2-4 . 17 Kato and co-workers reported a SCF study of neutral and cationic boron clusters ͑B n , nϭ2 -12͒ and found planar cyclic structures stabilized by placing an a͒ Current address: Dept. of Chemistry, Division of Sciences, Bogazici University, Bebek 80815, Istanbul, Turkey. b͒ Author to whom correspondence should be addressed; Electronic mail:
anderson@chemistry.utah.edu atom inside the ring for some of the larger sizes. 18, 19 They found little tendency to multi center bonding and again the agreement with experimental dissociation energies was marginal.
Several groups have reported density functional ͑DFT͒ calculations on small neutral and cationic boron clusters. Bonačič-Koutecky and co-workers 20 optimized geometries for B 2-8 . Boustani later extended these calculations up to 14 atoms and also studied the corresponding ionic species. [21] [22] [23] Boustani compared SCF and DFT and reported that SCF underestimates cluster binding energies, while DFT tends to overestimate them. Kawai and B 2-6 . B3LYP accuracy was checked with large basis CCSD͑T͒ calculations for a few small clusters, and this was used to predict corrections to the B3LYP binding energies for the larger clusters. The agreement between the calculated and experimental fragmentation energies is semi-quantitative, with all observed trends being reproduced. Cluster binding energy generally increases with cluster size, but not monotonically. Clusters were found to have planar or quasi-planar geometries with sp 2 type bonding, similar to those predicted by Boustani. For the cationic clusters, the ground state has the lowest possible spin multiplicity, indicating that the clusters are maximizing the number of covalent bonds.
Ricca and Bauschlicher 27 have also reported B3LYP calculations of structure and stability of B n H ϩ nϭ1 -13. All B n H ϩ except B 2 H ϩ were found to be low spin, and the H atom is always bound to a single boron atom. Some restructuring of the cluster framework was observed upon H addition. We had previously 7 used our results for reaction of B n ϩ with D 2 to give both estimates and lower bounds for the B n ϩ -H binding energies. The ab initio binding energies tend to lie roughly 0.2-0.5 eV below our estimates, with generally good agreement for the trends in binding energy versus cluster size.
In this article, we report on a combined experimental and theoretical study of bonding and structure in boron cluster ions and their effects on reactivity with HF. In a previous study 12 we found that addition of a single H atom greatly reduced reactivity of boron oxide clusters toward HF, probably by blocking a binding site. To examine this effect for elemental clusters we also studied HF reactions with B 4 H ϩ , B 7 H ϩ , and B 10 H ϩ . Also for comparison, analogous results are briefly discussed for the isoelectronic reaction with water. Spin restricted Hartree-Fock calculations are reported for the neutral and ionic boron clusters containing up to six atoms and for the B n H ϩ and B n F ϩ (1ϭ -5) species.
II. EXPERIMENTAL METHODS
The guided ion beam tandem mass spectrometer used in these experiments has been described in detail previously 28, 29 and only a brief summary is given here. Boron cluster ions are produced by laser ablation of isotopically pure 11 B ͑Eagle Pitcher, 98.6 at.%͒ inside a radio frequency ͑rf͒ trap. The clusters are swept by a helium pulse into a labyrinthine rf trap containing ϳ10 mTorr of helium where they are thermalized in ϳ10 6 collisions. The cluster ions are then mass selected and injected into a set of octapole ion guides where the collision energy is set and the beam is guided through a scattering cell. The cell is filled with 0.050 mTorr of HF, and no evidence of secondary collisions is observed at these pressures. Product ions and unreacted cluster ions are collected by the ion guide, injected into a quadrupole mass filter, and detected. For B 10-12 ϩ , we also studied reaction with DF to allow lower mass resolution in the final quadrupole, permitting us to verify that we have no problems with detector mass-discrimination. Comparison with the HF data also indicates that there are no significant kinetic isotope effects.
In the initial experiments, primary mass selection was done with a Wien velocity filter giving a mass resolution (M /⌬M )Ϸ12. This is insufficient to cleanly mass select the beam for the larger cluster sizes, and the experiments were repeated after replacing the Wien filter with a quadrupole mass filter equipped with injection/extraction optics optimized for production of beams with narrow kinetic energy distributions. 29 The absolute error in the cross section measurements is due primarily to possible differences in the collection efficiency for product and reactant ions. ͑The effective scattering cell length is calibrated using the well-studied reaction Ar ϩ ϩD 2 ϪDϩArD ϩ ͒. For large clusters, where the product and reactant ions have similar masses, and thus similar lab velocities, the magnitudes should be accurate to within 20%. For lighter reactants and for products with masses very different from the reactant ion, the absolute scale could be in error by as much as a factor of 2. Random error depends on cross section magnitude, background at the product mass, etc., and can be judged from the scatter in the plotted cross sections.
An issue that always arises in cluster scattering is the possible presence of excited isomers in the cluster beam. The hot nascent clusters from our source are cooled rather slowly by a combination of evaporation, radiation, and collisions with low density helium. This slow cooling process appears to be pretty effective in annealing the clusters. As the cluster internal energy cools, the instantaneous probability for different isomers should be related to the density-of-states ͑DOS͒ in each isomer potential well. Since the DOS for each isomer is roughly exponentially dependent on the excess energy in its potential well, the most stable isomer is strongly favored as the internal energy decreases. The isomer distribution freezes when the internal energy drops below the isomerization barrier height. Significant retention of excited isomers should occur only in cases where energy difference between isomers is small compared to the barrier to isomerization.
For C n ϩ (nϽ20) where the isomer energetics are understood and the isomer distribution is easily measured by chemical reactivity, 30 ,31 excited isomers are retained only for a few cluster sizes where both isomers are similar in energy. [32] [33] [34] For B n ϩ our studies of reactions with CO 2 indicate 5 that at least for nϾ9, the contribution of reactive excited isomers is Ͻ0.5%.
III. THEORETICAL METHODS
In order to obtain a complete set of consistent theoretical values, ab initio calculations were performed on the species B n , B n ϩ , and B nϪ1 F ϩ , and B nϪ1 H ϩ (nϭ2 -6) using GAUSSIAN92 35 and GAMESS. 36 The calculations of Ricca and Bauschlicher 26 on B n and B n ϩ were repeated and additional isomers were examined. Calculations using an unrestricted wave function resulted in a high degree of spin contamination which was found to vary with cluster size. Since our main goal was to have a set of consistent theoretical results for comparing clusters of different sizes, we chose to employ a spin restricted wave function using both 6-31G* and 6-31ϩG* basis sets. As optimization is not straightforward for open-shelled systems at the correlated level, a single point RMP2͑ROMP2͒, with frozen core electrons, was performed on the optimized output. Frequency calculations were performed to ensure that the structure was indeed a minimum. The optimized parent cluster geometries were used as a starting point for examining the addition of hydrogen and fluorine. Figure 1 gives the collision energy dependence of the cross sections for all significant product channels in reaction of B n ϩ with HF. The corresponding results for selected B n H ϩ clusters are found in Fig. 2 . All energies are in the center of mass frame. The total reactive cross sections are plotted as a solid line in each frame, and these have been slightly smoothed to reduce visual clutter. The chemistry for HF consists of many overlapping cross sections, and for some we draw dotted or dashed curves to help guide the eye through the forest of data points. In all cases, we made multiple measurements of the cross sections for all product channels to check reproducibility. The observed scatter in the data is mostly due to instabilities in the laser ablation source and remains even after extensive signal averaging.
IV. RESULTS

A. Experiment
As Fig. 1 shows, reactivity of the B n ϩ with HF is strongly dependent on cluster size. To allow more ready comparisons between different clusters, Fig. 3 gives the total cross sections and breakdown into individual channels as a function of cluster size at two collision energies. The size dependence at low energies is similar to that observed in other oxidation reactions.
3-6 The clusters can generally be divided into two groups, with ''small'' clusters (nϭ2 -7,9) all reacting similarly, and quite differently from the ''large'' clusters ͑nϭ8, 10-14͒. As always, B 13 ϩ is observed to be anomalously unreactive.
The small clusters ͑B n ϩ , nϭ2 -7,9͒ have large total reactive cross sections at low collision energies, and the energy dependence clearly indicates the absence of any activation barriers. If we estimate the collision cross section using the ion-dipole capture cross section 37 at low energies and a hard sphere model at high energies, we find that B 4 ϩ reacts at Ϫ85Ϯ10% efficiency ( reaction / capture ) for collision energies below 0.4 eV. As energy is increased, the reaction efficiency falls off rapidly and then is nearly constant at Ϫ10% for energies above 1 eV. The reaction efficiency of the other small clusters is lower ͑20%-50%͒ at low energies, but in all cases the efficiency drops to Ϫ10% for energies above ϳ1 eV.
For the large clusters (nϭ8, 10-14͒, reactivity at low energies is much reducted ͑reaction efficiency Ϸ1% at 0.1 eV͒. For all sizes except B 13 ϩ , there is a small, but nonzero component peaking sharply at our lowest collision energy. Sharp peaks like this can sometimes be artifacts due to reactant ion trapping in the collision ion guide, but the kinematics ͑heavy ion-light target͒ make trapping unlikely here. The total cross section reaches a minimum at ϳ1 eV, increases between 1 and 3 eV, then becomes nearly energy independent with reaction / collision Ϸ10%.
Overall, the dominant product channel is BF elimination:
This is the only channel that clearly has a nonzero cross section at low collision energies for all reactant cluster sizes ͑except B 13 ϩ ͒. For the small clusters BF elimination is quite efficient at low energies, but a minor channel at high energies. For the large clusters there is a small, sharp peak at low collision energies, followed by a broad component that turns on at ϳ0.5 eV, peaks at 4-5 eV, then becomes negligible by 8-10 eV. At their peaks, both components have Ϫ1 Å 2 magnitude and this pattern is nearly identical for all the large clusters. For B 13 ϩ the low energy component is missing, but the high energy behavior is typical of the large clusters. The behavior for B 7 ϩ and B 9 ϩ is mixed: there is the large low energy component typical for small clusters, but also a plateau between 2 and 5 eV similar to the high energy component observed for the large clusters.
For nϭ2 -6 and 9, B n F ϩ production occurs with no activation energy, in some cases with a large cross section:
The cross section generally decreases rapidly with increasing collision energy. The exception is B 3 ϩ , where there seems to be a shoulder at 3-4 eV. This reaction is not seen for B 7 ϩ , despite the observation that it generally reacts similarly to B 6 ϩ and the other small clusters. B n F ϩ is not observed for the large clusters except for B 10 ϩ , where the reaction has an appearance energy of ϳ0.2 eV, indicating that activation energy is required.
For most of the small clusters, except B 7 ϩ and B 9 ϩ , a B-loss reaction is observed:
in some cases with a substantial cross section. In all cases where B loss is observed, there clearly is no activation barrier.
For all cluster sizes, B nϪ1 ϩ is the dominant product ion at high collision energies, and for B 2 ϩ and B 3 ϩ this is also a major low energy reaction. An exoergic chemical reaction is clearly responsible for the low energy contribution, the most likely being:
The high energy B nϪ1 ϩ signal may have contributions from chemical reaction and/or simple collision-induced dissociation. Note, however, that the appearance energies for B nϪ1 ϩ in reaction with HF are well below the experimental dissociation thresholds, 2 and in addition, the variation in the high energy cross section with cluster size is much smaller than for CID with xenon or argon. Clearly chemical reaction͑s͒ must contribute substantially to the B nϪ1 ϩ cross section, the most likely being: Because these reactions produce free H atoms, they are likely to be endoergic, consistent with the observed energy dependence. ͑Because these are probably stepwise reactions, extracting quantitative thresholds is not possible.͒ Reactions 4͑b͒ and 4͑c͒ correspond to reactions ͑1͒ and ͑2͒, followed by decomposition of the nascent product ion. Reaction 4͑b͒ seems to be the dominant contributor for the large clustersnote that the B nϪ1 ϩ signal comes up just as the B nϪ1 H ϩ disappears, leaving the total cross section constant. , the dominant product at low collision energies is the adduct, B n HF ϩ . Under single collision conditions, adducts of this type are metastable, and normally cannot be observed on our several hundred microsecond detection time scale. As discussed below, a special set of energetics are required, providing considerable insight into the nature of the B n HF ϩ complex. From the magnitudes and energy dependence of other product channels, it is clear that the adduct decomposes primarily by BF elimination contributing to the B nϪ1 H ϩ ͓reaction ͑1͔͒ cross section. Figure 2 The only product channel observed for B 7 H ϩ that is not analogous to those found for B 7 ϩ is B 6 HF ϩ ϩBH, which is a minor channel at low collision energies. As for the B n ϩ clusters, the reactivity of the B n H ϩ is large for small n, and shows signs of a bottleneck to reaction for the larger clusters.
B. Computational
In agreement with Ricca and Bauschlicher, 26 we find that the ground states for all B n ϩ are low spin, i.e., singlet/doublet for clusters with odd/even B atoms. The optimized geometries for B n , B n ϩ (nϭ2 -6), B n H ϩ , and B n F ϩ (nϭ2 -5) are presented in Table I . For both the neutral and cationic boron clusters, geometries were found to be planar or quasi planar. Formation of rings allows orbital overlap between opposing boron atoms forming more compact stable struc- tures. Bonding in the clusters is not found to vary dramatically upon ionization, and there is no consistent pattern observed in the B-B bond length variation for the parent cluster ions and neutrals. For B 2 ϩ and B 3 ϩ , the addition of both H and F was found to result in the formation of a linear cluster. In the calculations of Ricca and Bauschlicher 27 B 3 H ϩ was found to remain cyclic, with the H atom bonding to one of the atoms in the ring. When fluorine or hydrogen is added to the tetramer or the pentamer, the cyclic structure is retained but there is a slight distortion around the boron atom where the ad-atom is bound. The B-F bond length was found to vary from 1.23 to 1.28 Å in the different size B n F ϩ , while the B-H bond length remains essentially constant at 1.17 Å. In both cases there appears to be a slight increase in the adjacent B-B bond lengths. The Mulliken charge distributions indicate delocalization of the positive charge over the entire cluster for B n ϩ . Upon F or H addition, we see an increase in the positive charge density on the adjacent boron atom, indicating that both ad-atoms tend to be electron-withdrawing. As expected this effect is larger for the more electronegative F atom.
From comparison of our calculations with experiment and with the calculations of Ricca and Bauschlicher, we conclude that our results are only semi-quantitative. Structures and the trends in energetics with cluster size appear to be accurate enough to provide insight into observed chemistry. In calculating thermochemistry, we make use of our ab initio results for B n F ϩ species, since no other information is available. For the cluster binding energies and for B n ϩ -H bond energies, we use estimates derived from earlier experiments and the ab initio results of Ricca and Bauschlicher, that are in better agreement with the experiments.
V. DISCUSSION
The discussion is divided into several parts. The structure and energetics of boron cluster ions are related to the observed chemistry, and we discuss the accuracy of predictions from earlier experiments and of ab initio calculations. The energetics and decomposition of the B n HF ϩ adduct are then discussed, along with mechanistic implications. We then propose a reaction mechanism with the supporting evidence. Finally, we briefly compare B n ϩ HF with the isoelectronic B n ϩ -D 2 O system.
A. Assessing experimental and theoretical predictions for energetics
By combining data from the literature for small BH x F molecules with experimental and theoretical values for B n ϩ dissociation energies and B n ϩ -H bond energies, some of the thermochemistry for B n ϩ ϩHF can be calculated. Comparison with our data, therefore, provides a test for the experimental and theoretical bond energies.
The best case from this perspective is the major product channel:
The energetics depend on four bond energies: H-F, B nϪ1 ϩ -B, B nϪ1 ϩ -H, and B-F. Since D 0 values for HF ͑5.87 eV͒ and BF ͑7.81 eV͒ are well established, 38 the only unknowns are the cluster dissociation and H-atom binding energies. DB nϪ1 ϩ -B͒ has been measured in our collisioninduced dissociation experiments 2 for nϭ6 -13. ͑For nр5, B loss is not the lowest energy dissociation channel, and extracting the energetics is problematic due to competition effects͒. Fortunately, the recent calculations of Ricca and Bauschlicher 26 agree reasonably well with experiment and they report B loss energies for the entire range of cluster size.
In our study of B n ϩ reactions with D 2 , 7 we estimated and also derived rigorous lower limits for the B n ϩ -H (nр16) bond strength. The best estimates ranged from 4.5 eV for B 3
ϩ -H to ϳ3.4 eV for B 16 ϩ -H. Ricca and Bauschlicher have The fluorine and hydrogen atoms are bonded to the boron indicated. For cyclic structures the ad-atom is bound to B 1 and the final angle listed the angle the adatom makes with respect to the B 1 -B 2 bond.
also recently calculated the structure and stabilities of the B n H ϩ clusters, and their calculated B n ϩ -H bond energies follow the trends in our best estimates, but are generally 0.2-0.5 eV lower. The experimental and theoretical bond energies are given in Table II , along heats of reaction calculated using both.
Experimentally, we find this reaction is clearly exoergic with no activation barrier for all the small clusters (n ϭ2 -7,9), and this is consistent with the thermochemistry calculated from either the experimental or ab initio values.
For B 13 ϩ the experimental cross section has an appearance energy of Ϫ0.3 eV, indicating the reaction is either endoergic or has an activation barrier. ͑Ordinarily we would attempt to extract the true threshold energy, 34 however, this case is complicated by competition with decay of the collision complex back to reactants.͒ If we use Ricca and Bauschlicher's values for the cluster dissociation and H-atom binding energies, the reaction is predicted to be exoergic by 0.2 eV, although this could be consistent with experiment if there is an activation barrier. On the other hand, using our 8 eV dissociation energy for B 13 ϩ leads to an estimate that the reaction should be endoergic by Ͼ2 eV. In our original article 2 we anticipated the possibility that our B 13 ϩ dissociation energy might be overestimated-we had difficulty with B 13 ϩ because both the CID, cross section and our B 13 ϩ beam intensity were very small, and both effects tend to lead to threshold overestimates. We have since improved our sensitivity for B 13 ϩ , so this is not a significant problem for the present experiments.
The B nϪ1 H ϩ production cross sections observed for all the other large clusters are remarkably similar, with a small, very sharp peak at low collision energies followed by a broad component turning on at about 0.5 eV. The experimentally based ⌬H estimates are all exoergic, while the ab initio calculations predict that reaction should be somewhat endoergic for B 8 ϩ and B 10 ϩ , thermoneutral for B 11 ϩ , and substantially exoergic for B 12-14 ϩ . Interpretation of the thermochemistry depends on how we interpret the unusual collision energy dependence observed for reaction of the large clusters, in particular, the small sharp peak observed at low energies. We propose that for each of these clusters the BF-elimination reaction is exoergic with no activation barrier, but nonetheless is quite inefficient ( reaction / collision Ϸ1%). This implies that reaction at low energies is inhibited by a severe bottleneck, the nature of which is discussed below. At higher energies reaction starts to be possible in less energetically favorable geometries, giving rise to the observed high energy component. We have seen similar behavior in other cluster oxidation reactions, 4-6 although for these cases the low energy component is much larger ͑5%-40% of collision ͒.
We also must consider the possibility that the low energy component might be due to contamination of our B n ϩ beam by higher energy, reactive isomers. Since the peak cross section is only ϳ1% of collision , it would only take a percent or so of a highly reactive isomer to account for the signal. In this interpretation, the broad cross section component turning on above ϳ0.5 eV would be due to reaction of the ground state.
Several observations argue against this multi isomer interpretation. The first is simply that the low energy peaks are so similar in magnitude and energy dependence across the entire size range. This would require that the beam has nearly identical contamination from identically reactive isomers, independent of cluster size. Considering that the ab initio calculations 26 suggest substantial cluster size variations in the properties of excited isomers, this seems unlikely. In a similar vein, both the experimental and ab initio estimates of ⌬H rxn predict that the energetics for the ground state should vary with size by at least 0.72 eV, with substantial exoergicity for some sizes. This is inconsistent with the idea that the cluster-size-independent high energy component should be attributed to reaction of the ground state isomer. Finally, as noted in Sec. II, previous studies of B n ϩ chemistry have seen no evidence for reactive excited isomers even at the 1% level.
We conclude that both the low and high energy components of the B n ϩ ϩHF→B nϪ1 H ϩ ϩBF reaction are due to the ground state, and therefore the reaction must be exoergic for all sizes, except probably B 13 ϩ . This is consistent with the experiment-based ⌬H estimates given in Table II , although we do not wish to imply any more than semi-quantitative accuracy for these. There appears to be an inconsistency with the ab initio-derived prediction that reaction for B 8 ϩ and B 10 ϩ should be endoergic by 0.12 and 0.22 eV, respectively. It should be noted, however, that the ab initio-derived ⌬H values depend on both the cluster binding energy and the cluster-H atom bond energy. These are quite difficult to calculate for large clusters, and the predicted endoergicities are less than the computational uncertainty ͑Ϯ0.2 eV for each binding energy͒.
From the reaction B n ϩ ϩHFB n F ϩ ϩH, we get quite an unambiguous check on the accuracy of our ab initio results for B n F ϩ (nϭ2 -5), reported in Table II . The observation of exoergic reaction requires that the B n ϩ F bond energy be greater than that of HF ͑ϭ5.87 eV 38 ͒ for nϭ2 -6, and 9. For B 10 ϩ , the F addition reaction is observed but with an appearance energy of Ϫ0.2 eV, suggesting that D (B 10 ϩ -F͒ Ϸ5.7 eV. Finally, the general decrease in the importance of this reaction suggests that it becomes less energetically favorable with increasing size. Our calculations are only partially consistent. We correctly predict that reaction should be exoergic for B 2 ϩ and B 3 ϩ , and that the B n F ϩ bond energy decreases with n. The calculated B n F ϩ bond energies are clearly too low for the larger clusters, however, probably due to inadequate treatment of electron correlation.
B. Collision adducts: Energetics, structure, and mechanistic implications
The observation of the metastable B n HF ϩ ͑nϭ5, 7, 9͒ collision complex has important implications for the energetics and mechanism of HF attack on boron clusters. Several important points should be noted: At our lowest energy, the complex accounts for 80%-95% of the total product signal, and other products appear in concert with its disappearance. This indicates that the major low energy reactions are all mediated by a long-lived complex. There clearly is no activation barrier to complex formation. This may seem undebatable for an ion-molecule system, however, substantial barriers are found in the B n ϩ -D 2 system. 7 When the B n HF ϩ complex decays, at least 90% of the net product is B nϪ1 H ϩ ϩBF. Some decay may also be back to reactants, to which we are not sensitive, however, the B nϪ1 H ϩ ϩBF pathway is clearly exoergic and should dominate the decay at low energies. A schematic of the reaction pathway is shown in Fig. 4 .
For the B n ϩ D 2 system, 7 modeling the collision energy dependence of the B n D 2 ϩ complex provided an accurate estimate of the complex binding energy. This is done by folding an RRKM 39 calculation of the decay rate as a function of total energy ͓k(E)͔ into a simulation 34 of the experiment. The parameters of the RRKM model are then varied until the simulations fit the data. Because RRKM k(E) functions are much more sensitive to the assumed adduct well depth than to other parameters ͑e.g., frequencies͒ the analysis can give an accurate estimate of the bond energies. In the B n ϩ -HF case the analysis is complicated by the fact that there are two unknown energetic parameters-the well depth and the exoergicity ͑Fig. 4͒. Since the decay rate depends strongly on both, it is not possible to determine the two independently.
We do have values for the exoergicity derived as described above ͑Table II͒, and have used these in simulations to derive the complex binding energy. For B 5 ϩ , the ⌬H rxn derived from Ricca and Bauschlicher's calculations is Ϫ0.17. The vibrational frequencies needed for the RRKM k(E) calculation were obtained from our ab initio calculation on B 5 HF ϩ . For this ⌬H rxn value, the simulation gives a well depth ͑with respect to B 4 H ϩ ϩBF͒ of 5.0Ϯ0.3 eV. This corresponds to a binding energy with respect to B 5 ϩ ϩHF of 5.2 eV-clearly too large to result from complexation of molecular HF to the cluster ion. We thus learn that the complex structure must have HF dissociated. In this case, the FB n ϩ -H and HE n ϩ -F bond energies in the complex sum to ϳ11.0 eV ͓ϭ 5.2 eVϩD͑HF͔͒. If we assume that the FB n ϩ -H bond energy is similar to D͑B n ϩ -H͒Ӎ4 eV ͑Table II͒, this suggests the cluster-F bond energy is about 7 eV.
For B 7 ϩ the ab initio-based ⌬H rxn is Ϫ0.33 eV, and simulating the adduct energy dependence using this value gives a well depth of 2.8 eV, corresponding to binding with respect to reactants of Ϫ3.1 eV. Taking the B n ϩ -H bond energy to be ϳ3 eV ͑Table II͒, this implies a HB n ϩ -F bond strength of Ϫ6 eV. For B 9 ϩ the ab initio-based ⌬H rxn is considerably higher, Ϫ0.96 eV, and the resulting well depth is 3.3 eV, corresponding to a binding energy with respect to reactants of 4.3 eV. This translates into a HB n ϩ -F bond energy around 6.6 eV. Unlike the pure B n ϩ , no B 7 H 2 F ϩ adduct is observed in the reaction of B 7 H ϩ , the dominant low energy product being instead, B 7 F ϩ ϩH 2 . This presumably reflects the fact that H 2 -elimination is energetically much more favorable than H elimination, and the additional decay channel results in complex lifetimes too short for direct observation.
C. Reaction mechanism
As discussed previously, the magnitude of the collision complex signal observed for nϭ5, 7, and 9 implies that reaction for these clusters at low collision energies proceeds almost entirely via a mechanism involving these long-lived intermediates. To be detected, the complexes have to survive ϳ200 s, while to be long-lived in the dynamical sense, a lifetime ϳ10 7 times shorter is sufficient. Given that the reactivity of all the small clusters is quite similar, we propose that low energy reaction is complex-mediated for all of them. The ⌬H rxn values given in Table II suggest the reason why the complexes are only detected for nϭ5, 7, and 9. Of the small clusters, these three have the lowest exoergicities, and the simulations show that for a given well depth, the lifetime of the adduct is extremely sensitive to exoergicity. Taking B 5 HF ϩ as an example, and keeping the well depth constant at 5.0 eV, it takes only a 0.4 eV increase in exoergicity to shorten the lifetime enough to make adduct detection impossible.
For the large clusters, the importance of adduct formation is less obvious. The exoergicities ͑Table II͒ are lower, and the number of degrees of freedom larger, than for the small clusters. All else being equal, we would expect long lifetimes for any adducts that formed, yet none are detected. There are two possible scenarios. It may be that the reaction mechanism for the ''large'' clusters is completely different, and no long-lived intermediate is involved. On the other hand, it is hard to imagine how the main products (B nϪ1 H ϩ ϩBF) could form without passing through an intermediate of the HB n F ϩ type, particularly at low collision energies.
More likely, long-lived ͑in the dynamical sense͒ complexes form but are simply not stable enough to be detected. We know from previous experiments and calculations that as cluster size increases, binding energies for ad-atoms tend to decrease. For example, 4 B n ϩ -O bond energies decrease from Ͼ6.5 eV for the smallest clusters to ϳ5 eV for B 14 ϩ ; see also Table II . To see if this might explain the absence of complex signal, we ran simulations for B 12 HF ϩ for a range of assumed well depths. We took the ab initio-based exoergicity of 0.5 eV and used Ricca and Bauschlicher's frequencies 40 for B 13 H ϩ to estimate frequencies for B 13 HF ϩ in the RRKM calculation. The result is that the well depth with respect to B 11 H ϩ ϩHF would have to be р1.5 eV to explain absence of complex signal. This isϪ1.5 eV less than in B 9 HF ϩ or B 7 HF ϩ , thus it is not inconsistent with expectations based on the general trend toward weaker ad-atom binding.
The mechanism we propose is as follows. For all clusters in our size range, reaction at low collision energy proceeds through a long-lived intermediate complex in which HF is dissociated. This complex-mediated reaction requires no activation energy ͑except for B 13 ϩ ͒, however, the reaction efficiency approaches unity only for some of the small clusters. The product distribution is presumably governed by the unimolecular decay of the complex, and the dominant channel is generally BF Helimination.
At higher collision energies, reaction via an activated pathway becomes possible, leading to the broad cross section peak observed for the large clusters, and probably contributing to the high energy tail for the small clusters. It is unclear whether this activated reaction is direct or complexmediated. If a complex does form, RRKM analysis suggests that even at high energies the lifetime could remain long in the dynamical sense ͑Ͼϳ10 ps͒ except for the smallest clusters. The products in this energy range are mostly B nϪ1 H ϩ ϩBF, although further decomposition to B nϪ1 ϩ ϩBFϩH tends to occur above Ϫ5 eV.
Above ϳ3 eV, the total cross section is energyindependent for all cluster sizes, and generally increases with cluster size ͑Fig. 3͒. For comparison, we estimated hard sphere cross sections for B n ϩ -HF collisions, using the ab initio B n ϩ geometries of Ricca and Bauschlicher. 26 As Fig. 3 shows, there is a reasonable correlation between the high energy reactivity and hardsphere , with reaction / hardsphere Ϸ10%. The fact that efficiency is approximately independent of both cluster size and collision energy suggests that reaction at high energy is probably controlled by some simple geometric factor, such as a combination of impact site and HF orientation. Whatever the details of the mechanism, it is clear that reactivity at high energies is approximately independent of the detailed structure of the reactant cluster. The only real exception is B 2 ϩ , but the high reactivity in this case is probably just a consequence of the Ͻ2 eV bond energy of this ion. In collisions with nonreactive targets such as xenon, B 2 ϩ has roughly twice the fragmentation cross section of any of the other small clusters.
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The most unusual feature of this system is the highly variable efficiency ( reaction / collision ) for the activationless reaction at low collision energies, ranging from 20% to 85% for small clusters, to ϳ1% for all the large clusters except B 13 ϩ . Furthermore, the efficiency for all cluster sizes drops as the collision energy is raised from 0.1 to 1 eV. It seems that this activationless reaction is controlled by a bottleneck that is quite severe for the large clusters, and significant for even the small clusters except at very low energies. It seems likely the bottleneck is to ''dissociative chemisorption'', i.e., formation of the HB n F ϩ intermediate complex. This conclusion is based on the consideration that net reaction is exoergic ͑except for B 13 ϩ ͒, thus there is more energy available in the product channel than in the entrance channel. The interesting mechanistic question is: ''What factors control the bottleneck.'' Similar patterns of reaction efficiency versus cluster size and collision energy are observed for all the boron cluster oxidation reactions we have studied.
3-6 ͑Peak efficiencies and details of the size dependence vary, but this is expected since the thermochemistry also varies considerably for the different oxidants.͒ The similarities suggests that a bottle-neck is a common feature of B n ϩ oxidation, and that it is largely controlled by some feature of the B n ϩ , not specific to a particular oxidant. Electronic structure doesn't appear to be critical, because no even/odd alternation in reactivity is observed despite the theoretical agreement that even/odd size clusters should be open/closed shell. ͑The exception is B n ϩ ϩD 2 , where even sizes are 3-5 times more reactive than odd sizes.͒
In the past we have tried to rationalize the reactivity trends with a coordinative saturation/reactive site model. The idea was that the clusters become increasingly coordinatively saturated as size increases, and this tends to allow activationless reaction only at certain low-coordination sites. Oscillations in reactivity ͑e.g., B 7
ϩ -B 8 ϩ -B 9 ϩ ͒ would be due to variations in number and type of reactive sites. The relatively high reactivity observed at low collision energies was attributed to formation of a polarization-bound precursor complex that gives the reactants time to find the favorable geometry for activationless reaction. Increasing collision energy rapidly decreases the lifetime of such a precursor, reducing reaction probability accordingly.
The recent, and seemingly quite accurate ab initio structures 23, 26 partly support this idea. For B n ϩ , nр6, the structures are monocyclic, thus each boron atom is twofold coordinated and might be expected to be reactive. For n у7, the structures are pseudo-planar networks with all the boron atoms at least threefold coordinated. While this might account for the generally lower reactivity of the large clusters, it does not explain the fact that B 7 ϩ and B 9 ϩ tend to be reactive, nor does it explain the variations in reactivity among the small clusters. There is also nothing obvious in the geometries that would account for the high stability and low reactivity of B 13 ϩ , although there is some evidence that electronic structure might be responsible in this case.
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Clearly more than the availability of reactive sites is involved in controlling reactivity. One possibility is suggested by the ab initio study of B n H ϩ clusters by Ricca and Bauschlicher. 27 They find that in going from B n ϩ to B n H ϩ , some restructuring of the cluster framework occurs. Presumably the simultaneous H and F addition required for reaction in this system would require even more dramatic structural changes, and this restructuring is likely to be more difficult for the large clusters, since their connectivity is much higher. Particular clusters might be more or less readily restructured, depending on the rearrangements required and the bond strengths. It would be interesting ͑though difficult͒ to calculate reaction paths for typical small and large boron clusters to see what effects really control reactivity.
D. Comparison with the B n H
؉ ؉HF system
The results for reaction of B n H ϩ ϩHF ͑Fig. 2͒ also argue against the idea that reaction of the larger clusters is limited by a small number of reactive sites. Were this the case, we would expect the H atom to bind to one of the lowcoordination sites, increasing its coordination, and presumably decreasing its reactivity. In fact, adding hydrogen to the clusters has little effect on either reactivity or product branching. Consideration of the B n ϩ and B n H ϩ structures calculated by Ricca and Bauschlicher 26, 27 show why this is true. While the structures do change upon H addition, the general structural motif is very similar in B n ϩ and B n H ϩ . The small effect found for boron clusters is in marked contrast to the situation for boron oxide HF chemistry. 12 The B n O m ϩ clusters are quite reactive with HF, with reactivity increasing with size, and with no strong dependence on B:O stoichiometry. The mono or di-hydrogenated clusters (B n O m H x ϩ ) are between two and ten times less reactive, and the results in this case seem to correlate well with a reactive site model, where an HF attack occurs at unsaturated terminal BO groups.
E. Comparison with B n ؉ ؉water
Since HF is isoelectronic with water, it is of some interest to compare the reactivity of these two species with boron cluster ions. In fact, the chemistry is surprisingly similar, considering that HF and water are not normally considered to be interchangeable reagents. Even most of the minor channels are analogous for the two reactants.
The major difference between HF and water is reactivity, and the trend here is opposite of what might be expected. Both HF and water react efficiently with small boron cluster ions. For the large clusters, the reaction with HF is exoergic but very inefficient due to growth of a bottleneck. For water the low energy reactivity remains high ( reaction Ϸ 3 4 collision ) for all cluster sizes. The exception, as usual, is B 13 ϩ , for which reaction is still exoergic, but with efficiency of only ϳ1% at low energies.
The difference in reactivity seems to be thermochemically driven. Consider the first pair of analogous reactions for HF and water. Any difference in ⌬H rxn must be due to differences in ⌬H f of HF vs D 2 O, and BF vs DBO/BOD. ⌬H f for HF and H 2 O are quite similar ͑Ϫ2.82 and Ϫ2.51 eV, 41 respectively͒. The big difference is for the products. BF has only a single bond, resulting in only modest stability (⌬H f ϭϪ1.20 eV 41 ͒. For water the product can be either BOH or HBO, and recent ab initio calculations 42 show that HBO is substantially more stable ͑⌬H f ϭϪ2.61 eV compared to Ϫ0.52 eV for BOH͒. This is unsurprising since the total bond order is higher in HBO. For the other pairs of reactions, the thermochemistry is not known, but is seems likely that the higher reactivity of water is again attributable to the ability to form products where the H and O atoms are separately bonded to boron atoms.
